This paper will summarize the evidence that lipoic acid plays a key role in mitochondrial oxidative phosphorylation. In contrast with substrate-level phosphorylation, lipoic acid is the active functional group in the ATP synthase complex and is a mobile component of the mitochondria1 inner membrane, which functions as an energy-coupling factor that can link the electron-transfer chain and the ATP synthase compIex. The demonstration of this function of lipoic acid thus fulfils the basic requirements of any chemical hypothesis of oxidative phosphorylation. Dibutylchloromethyltin chloride is a potent inhibitor of energy-conservation reactions and inhibits oxidative phosphorylation, ADP-stimulated respiration in coupled mitochondria, P,-ATP exchange, energy-driven reduction driven by ATP and mitochondrial oligomycin-sensitive ATPase* (ATP synthase), but has no effect on F,-ATPase. It should be noted that it has no effect on respiration including respiration with pyruvatelmalate as a substrate, indicating that it does not inhibit the pyruvate dehydrogenase complex. It has all the inhibitory properties of its structural analogues, triethyl-and tributyl-tin, and appears to be a specific inhibitor of oxidative phosphorylation whose locus of action is a component of the oligomycin-sensitive ATPase complex ( Table 1 ). This is supported by studies with dibutylchl~ro[~H]methyltin chloride labelling of yeast submitochondrial particles and analysis by gel electrophoresis of the oligomycin-sensitive ATPase complex. Two bands containing radioactivity are seen corresponding to components of approx. mol.wt. 46000 and 8000. These correspond to the aggregated (hexameric) and monomeric forms of subunit 9, a component of ATP synthase and a major product of mitochondrial protein synthesis in yeast (Tzagoloff el ul., 1973), which appears to be present in excess as compared with ATP synthase.
Is,, (nmol/mg of protein)
Yeast oligomycin-sensitive ATPase 2.0 (8.0) Heart particles (ATPase) 0.12 (0.5) Oxidative phosphorylation (heart) 2.5 (10) ATP-driven transhydrogenase 0.9 ( 3 4 ) ATP-driven reversal 1.0 (3-4)
requiring mutant of Escherichiu coli (Herbert & Guest, 1970) . Other preparations and assays are as described by Griffiths & Houghton (1974) and Griffiths (1976). Dibutylchloromethyltin chloride is an affinity-label derivative for the mitochondrial trialkyltin-binding site, which reacts covalently with a mitochondrial component and competes for the triethyltin-binding site.
Dibutylchloromethyltin chloride is a potent inhibitor of energy-conservation reactions and inhibits oxidative phosphorylation, ADP-stimulated respiration in coupled mitochondria, P,-ATP exchange, energy-driven reduction driven by ATP and mitochondrial oligomycin-sensitive ATPase* (ATP synthase), but has no effect on F,-ATPase. It should be noted that it has no effect on respiration including respiration with pyruvatelmalate as a substrate, indicating that it does not inhibit the pyruvate dehydrogenase complex. It has all the inhibitory properties of its structural analogues, triethyl-and tributyl-tin, and appears to be a specific inhibitor of oxidative phosphorylation whose locus of action is a component of the oligomycin-sensitive ATPase complex ( Table 1 ). This is supported by studies with dibutylchl~ro[~H]methyltin chloride labelling of yeast submitochondrial particles and analysis by gel electrophoresis of the oligomycin-sensitive ATPase complex. Two bands containing radioactivity are seen corresponding to components of approx. mol.wt. 46000 and 8000. These correspond to the aggregated (hexameric) and monomeric forms of subunit 9, a component of ATP synthase and a major product of mitochondrial protein synthesis in yeast (Tzagoloff el ul., 1973) , which appears to be present in excess as compared with ATP synthase.
The evidence suggests that dibutylchloromethyltin chloride specifically reacts with a component of the oxidat ive-phosphorylation system located in the ATP synthase complex and that its general mode of action is similar to oligomycin, venturicidin and dicyclohexylcarbodi-imide and triethyltin.
There are, however, several features of inhibition by dibutylchloromethyltin chloride that indicate that the reaction site is with a component that has the properties of an energy-coupling factor which serves a link function between the ATP synthase complex and the electron-transport chain.
Dibutylchloromethyltin chloride reacts covalently with a single component of yeast and heart mitochondrial membranes and specifically inhibits ATP synthesis and a variety of energy-linked reactions driven by ATP ( Table 1) . At least 90% of this dibutylchloromethyltin chloride derivative is extractable by chloroform/methanol mixtures, which extract mitochondrial proteolipids, and on examination by gel electrophoresis appears to be associated with components such as subunit 9, which run near the dyemarker front. However, the dibutylchloromethyltin chloride derivative is separable from subunit 9 and other chloroform/methanol-soluble proteolipids by t.1.c. as a fast running lipophilic component. This component is a low-molecular-weight non-protein derivative of lipoic acid.
The dibutylchloromethyltin chloride-binding component is present in high concentration in all energy-conserving membranes examined at concentrations in excess of all other components: heart submitochondrial particles, 8-l0nmol ; yeast submitochondrial particles, 8-9nmol; chloroplasts, 4-6.5nmol (values per mg of protein). The component is present in purified ATP synthase preparations from yeast and ox heart, and labelling * Abbreviation: ATPase, adenosine triphosphatase. studies with dibutyl~hloro[~H]methyltin chloride have shown that it co-migrates with subunit 9, both in its monomeric form (mol.wt. 7000-8000) and its aggregated (hexameric) form (mol.wt. 45000).
Studies with yeast mitochondria and the purified ATP synthase indicate that the ATP synthase contains approx. six binding sites for triethyltin and an equivalent number for dibutylchloromethyltin chloride (K. Cain & D. E. Griffiths, unpublished work) , but this accounts for less than 30 % of the dibutylchloromethyltin chloride-interaction sites in the inner membrane. Up to 35 % of the dibutylchloromethyltin chloride-interaction sites remain in the membrane when ATP synthase is extracted, and of the extractable interaction sites, 30% are not precipitated by an antibody to ATP synthase, and 50-60% of the dibutylchloromethyltin chloride-interaction sites present in theTritonextract are separable from ATP synthase by density-gradient centrifugation.
This suggests that the majority of the dibutylchloromethyltin chloride-interaction sites are only loosely associated with the ATP synthase complex and may form a large pool of interaction sites (20 times the concentration of F,-ATPase) which are in dynamic equilibrium with ATP synthase. Analysis of the mode of action of dibutylchloromethyltin chloride indicates that it is a specific inhibitor of oxidative phosphorylation that titrates a mobile component of the oxidative phosphorylation complex, which is present in high concentration (&lOnmol/mg of protein).
The demonstration that dibutylchloromethyltin chloride reacts with a lipoic acid moiety in the mitochondrial inner membrane, the presence of lipoic acid in purified ATP synthase preparations, and the specific reversal of dibutylchloromethyltin chloride inhibition of ATPase, oxidative phosphorylation and ATP-driven energy-linked reactions by dihydrolipoic acid indicate a specific function for lipoic acid (or a lipoic acid derivative) in mitochondrial oxidative phosphorylation. Further evidence for a functional role of lipoic acid comes from the use of a Iipoic acid analogue, 8-methyl-lipoic acid, a known growth inhibitor and competitive inhibitor of lipoic acid-requiring reactions (Schmidt et al., 1969) . This compound is inactive in the oxidized form, but on reduction is a good inhibitor of mitochondrial ATPase, mitochondrial oxidative phosphorylation and ATPdriven energy-linked reductions. The experiments with dibutylchloromethyltin chloride and 8-methyl-lipoic acid demonstrate clearly that lipoic acid is involved in an intermediate step in mitochondrial ATPase and mitochondrial oxidative phosphorylation involving enzymic transformation of lipoic acid.
